Diarrhoea is an important cause of death and illness among children in developing countries; however, it remains controversial as to whether diarrhoea leads to stunting. We conducted a pooled analysis of nine studies that collected daily diarrhoea morbidity and longitudinal anthropometry to determine the effects of the longitudinal history of diarrhoea prior to 24 months on stunting at age 24 months. Data covered a 20-year period and five countries. We used logistic regression to model the effect of diarrhoea on stunting. The prevalence of stunting at age 24 months varied by study (range 21-90%), as did the longitudinal history of diarrhoea prior to 24 months (incidence range 3.6-13.4 episodes per child-year, prevalence range 2.4-16.3%). The effect of diarrhoea on stunting, however, was similar across studies. The odds of stunting at age 24 months increased multiplicatively with each diarrhoeal episode and with each day of diarrhoea before 24 months (all P < 0.001). The adjusted odds of stunting increased by 1.13 for every five episodes (95% CI 1.07-1.19), and by 1.16 for every 5% unit increase in longitudinal prevalence (95% CI 1.07-1.25). In this assembled sample of 24-month-old children, the proportion of stunting attributed to 55 diarrhoeal episodes before 24 months was 25% (95% CI 8-38%) and that attributed to being ill with diarrhoea for 52% of the time before 24 months was 18% (95% CI 1-31%). These observations are consistent with the hypothesis that a higher cumulative burden of diarrhoea increases the risk of stunting.
Introduction
The bidirectional relationship between diarrhoea and malnutrition has been one of the most extensively investigated topics in medical research ever since Scrimshaw and colleagues postulated an interaction between infection and nutrition nearly 40 years ago. 1 While it is generally accepted that poor nutritional status, as assessed by anthropometric measurements, leads to a greater risk of diarrhoea, [2] [3] [4] [5] [6] [7] [8] [9] there is less agreement on whether repeated episodes of diarrhoea adversely affect a child's growth. [10] [11] [12] [13] Reasons for this lack of agreement include: the complexity of nutritional and metabolic responses to diarrhoeal illness; heterogeneity in the etiology and in the prevalence of diarrhoea across study populations; lack of standard definitions; diversity of geographical and cultural settings; and, methodological differences in study design and in the analysis of longitudinal data. Therefore, epidemiological research into the effects of diarrhoea on growth has been especially challenging.
Standardization helped to address some of these methodological challenges. In 1977, Waterlow and colleagues 14 recommended the use of Z-scores for reporting anthropometry against an international reference. Consensus on an epidemiological definition for childhood diarrhoea was not achieved until later, in the early 1990s. 15, 16 It is now generally agreed that diarrhoea is present when there are three or more loose stools in a day; and, in defining a diarrhoeal episode, it is agreed that there must be at least 2 or 3 consecutive days free of diarrhoea between episodes. 15 , 16 The development of a standard definition for diarrhoea was particularly useful to help quantify the global burden of disease, and it has provided a standard for epidemiological studies.
On the other hand, there is a lack of consensus on how to best analyse the effects of diarrhoea on a child's nutritional status. Early studies reported decreased weight gain and linear growth following diarrhoea when the effects of diarrhoea on growth were analysed in 1 or 2 month intervals. Some investigators argue, however, that these studies may have overestimated growth deficits associated with diarrhoea because short intervals do not allow time for catch-up growth to occur. 11 For example, one group of investigators reported that, in Bangladesh, the effect of diarrhoea appeared to be transient because children recovered from their growth deficits. 17 These investigators suggested that children in developing countries were malnourished because of inadequate food intake and not because of a high burden of diarrhoea. Other investigators have reported similar findings. 18, 19 Therefore, it follows that any meaningful analysis of the effects of diarrhoea on growth should account for the entire history of diarrhoeal exposures. The importance of disease control as a means to reduce the burden of malnutrition in underprivileged children of developing countries lies at the heart of this controversy. Child malnutrition is a major contributor to the burden of disease in developing countries. For this reason, a better understanding of the relationship between diarrhoea and stunting will help define the role of disease control programmes in the prevention of childhood stunting.
Published studies that account for the entire history of diarrhoeal illness are scarce in part because of the challenges involved in adequately summarizing the entire history of diarrhoeal exposures in a longitudinal analysis. Some investigators have, therefore, proposed using the 'longitudinal prevalence of diarrhoea' as a summary measure of the cumulative burden over time. 20 More recent investigations that use the longitudinal history of diarrhoea to model growth effects have reported that diarrhoea may result in both transient growth deficits and in delayed and cumulative effects resulting in permanent growth deficits later in life. 21, 22 Although multiple diarrhoeal episodes appear to linearly ablate the process of catchup growth, 12, 21 these observations were obtained from single-site studies. In this context, the purpose of this study was to obtain a summary estimate of the effect of longitudinal history of diarrhoea in the first 24 months on the prevalence of stunting at 24 months of age by pooling data collected in multiple countries.
Methods
This analysis pooled longitudinal information from nine prospective studies that enrolled participants at or near birth and followed them with regular anthropometric measurements and daily records for diarrhoeal surveillance (Table 1) . Details of the field methods of each study were published elsewhere. 21, [23] [24] [25] [26] [27] [28] [29] [30] We aimed to combine multiple cohorts using original data from studies that collected longitudinal information on diarrhoea and growth. We used our literature search to guide us in identifying groups of investigators. Our PubMed search terms were 'diarrhea' AND 'growth' AND 'longitudinal' with the following limits: humans, English, Spanish, all infant (birth 23 months) and preschool children (2-5 years). This search identified 89 articles. We then searched for potential studies among the cited references. We selected studies that enrolled children in the first year of life, collected daily records for diarrhoeal surveillance and performed at least three anthropometric assessments. We excluded studies of HIV-infected children. This was not a systematic review, however, because we used expert opinion among the selected articles to identify groups of investigators with considerable experience in conducting longitudinal studies of diarrhoea and growth. We identified 14 investigators from this search, contacted them by electronic mail or telephone and obtained complete data for nine longitudinal studies. One investigator did not wish to participate, two investigators no longer had access to the original data, one investigator provided incomplete data and one investigator provided us with complete data, but we were unable to use this study because it had only two anthropometric assessments and it conducted diarrhoeal surveillance over a 2-week period only.
Each study measured height in children at regular time intervals ranging from once monthly to every 4 months.
Data management
We requested three separate sets of de-identified data from each participating investigator. For the serial anthropometrics, we requested a data file with the child's identification code, the date of measurement, weight in kilograms, length or height in centimetres, sex and the child's date of birth. For the daily records of diarrhoeal surveillance, we requested a data file with the date, the number of liquid and semi-liquid stools in that day or, alternatively, if the number of liquid and semi-liquid stools was not available then we requested investigators to provide maternal reporting of whether the child had diarrhoea or not without any further definition being required. For baseline information, we requested a data file with the number of years of maternal education, a measure of household sanitation, the number of people in the house and if available a measure of household income or a measure of household goods and services. We asked investigators to include other determinants of socioeconomic status (SES) in their community. We used data from children who had at least three height measurements and a recorded date of birth. We excluded measurements with a height-for-age Z-scores (HAZ) 44 and those with a HAZ <À7. We chose a HAZ <À7 as the lower cut-off because at least one quarter of children from the 'Bangladesh 1978' study had a HAZ <À4.
Socioeconomic status
All investigators collected socioeconomic data at baseline. Contributing investigators reported on the socioeconomic variables that were important in each study in published papers or by personal communication. All studies were conducted in rural or poor urban communities. Nonetheless, given that these studies were conducted in different countries with different cultural settings, different socioeconomic indicators and using different questionnaires, we created an aggregate SES variable. We used a combination of variables to construct the aggregate SES variable for each study. For 'Brazil 1990', we used a composite index based on the possession of household goods and services, 23 maternal education and sanitation. For 'Brazil 1989', we used sanitation and household crowding. 24 For 'Bangladesh 1978', we used maternal education, water source and household crowding. 25 For 'Peru 1995', we used maternal educational, sanitation and household income. 21 For 'Peru 1985', we used maternal education, sanitation and household crowding. 27 For 'Guinea-Bissau 1987' study, we used maternal education, sanitation and household crowding. 28 For 'Guinea-Bissau 1994', we used maternal education, household crowding and having a zinc roof. 29 For 'Ghana 1990', we used maternal education, crowding and having a zinc roof. 30 Socioeconomic data were not available for 'Peru 1989'. 26 Once we identified the above socioeconomic variables, we created rank scores for each of these variables. We used these rank scores to create an aggregate SES score, and stratified this aggregate score into low, intermediate and high categories (Appendix 1).
Definitions
We calculated HAZ by comparing length or height with the 2006 World Health Organization (WHO) international growth reference. 31 We used an algorithm provided by the WHO in Stata 9 (StataCorp, College Station, TX) to calculate HAZ. We defined stunting as a HAZ less than or equal to 2 SD below the mean of the reference population (i.e., HAZ 4À2). The international consensus definition for a day of diarrhoea is three or more liquid or semi-liquid stools in a day. 15, 16 Contributing investigators generally used this definition, although one study defined diarrhoea as four or more liquid stools per day, 25 and three relied solely on mother's report of diarrhoea. [28] [29] [30] Another study defined the onset of a diarrhoeal episode as three or more liquid or semi-liquid stools in a day and when the mother indicated that the child had diarrhoea. 21 We used each investigators definition for a day of diarrhoea, but used a standard definition for an episode of diarrhoea for all studies, i.e. we defined the first day of a diarrhoeal episode as the onset of diarrhoea; and, defined the end of a diarrhoeal episode as the last day of diarrhoea that was followed by two consecutive days without diarrhoea. We calculated the cumulative diarrhoeal incidence per child-year as the number of diarrhoeal episodes divided by the number of days at risk over a specified time period and multiplied by 365. We calculated days at risk for diarrhoea as the total days of follow-up minus the days of diarrhoea but for the first day of an episode. We calculated the longitudinal prevalence of diarrhoea as the sum of the duration of all diarrhoeal episodes over a specified time period divided by the total number of follow-up days over that same time period and multiplied by 100.
Reversibility of stunting Stunting may be reversed over time. While the epidemiological definition of stunting is clearly established, there is no standard epidemiological definition for reversibility of stunting. A small change in HAZ between two points in time may be incorrectly defined as reversibility of stunting. For example, a change in HAZ from À2.01 to À1.99 between two time periods can be hardly considered recovery. Reversibility of stunting can also be affected by regression to the mean. 32 To address these concerns, we defined recovery from stunting between ages t 1 and 24 months for a child who was stunted at t 1 months but not stunted at 24 months and for whom HAZ 24 4 r Â HAZ t 1 , where HAZ 24 was the child's HAZ at 24 months, HAZ t 1 was the child's HAZ at t 1 months and r was the correlation coefficient between HAZ 24 and HAZ t 1 for the subset of children who were stunted at t 1 months and not stunted at 24 months. That is, we did not include children for whom HAZ 24 4 r Â HAZ t 1 in the category of those who recovered.
Biostatistical methods
The objective of our analysis was to determine the effect of diarrhoea prior to 24 months of age on stunting at 24 months of age. The primary outcome in our analyses was the prevalence of stunting at 24 months. Because not all children were measured at exactly 24 months of age, we accepted the HAZ measurement at the oldest age in the interval between 18 and 24 months of age as the HAZ measurement at 24 months. We selected 24 months of age as the reporting age for this analysis because the majority (54%) of children from all nine studies contributed data at this age. In contrast, only 45% of children contributed data at 3 years of age and 28% of children contributed data at 5 years of age. We first conducted exploratory data analysis to determine the shape of the relationship between the cumulative burden of diarrhoea prior to 24 months of age and the log odds of stunting at 24 months. We then used logistic regression to model the prevalence of stunting at 24 months as a function of the cumulative burden of diarrhoea prior to 24 months. In our logistic regression model, the outcome was coded as 1 if a child was stunted at 24 months of age and coded as 0 if otherwise. We included the history of diarrhoea prior to 24 months as a continuous covariate. We required children to contribute at least 250 days of diarrhoeal surveillance to be included in the regression analysis. All studies contributed data on 48 or more children for this analysis. We constructed our regression model manually (Appendix 2). Because study and sex were important determinants of stunting at 24 months, we modelled the log odds of stunting at 24 months as a function of diarrhoea prior to 24 months, sex and study. In constructing our regression model, we began with three fixed-effects parameters for each study: an intercept, a parameter for the study-specific effect of diarrhoea on stunting and a parameter for the studyspecific effect of sex on stunting. We compared nested models using the likelihood ratio test (LRT) to identify the model with the fewest number of parameters. We used the LRT to determine if we could pool studies to summarize the effect of diarrhoea on stunting. We first compared a regression model with only one parameter to explain the effect of diarrhoea on stunting vs a regression model with study-specific parameters to explain the effect of diarrhoea on stunting. We then compared a regression model with only one intercept vs a regression model with study-specific intercepts, and a regression model with only one parameter for a sex effect on stunting vs a regression model with study-specific parameters for a sex effect on stunting. We used the Hosmer-Lemeshow test to determine goodness-of-fit in logistic regression. 33 We used Pearson residuals and deviance residuals to identify outliers, 34 and used Pregibon's delta-beta statistic to identify influential data points. 34 In separate regression analyses, we estimated the odds ratio of stunting at 24 months of age by four categories of cumulative diarrhoeal incidence and four categories longitudinal diarrhoeal prevalence prior to 24 months. To calculate attributable risks, we categorized cumulative diarrhoeal incidence before 24 months (<5 episodes and 55 episodes) and EFFECTS OF DIARRHOEA ON CHILDHOOD STUNTING longitudinal diarrhoeal prevalence before 24 months (<2% and 52%) into only two groups that represented a 'low' or 'high' cumulative burden. We calculated the proportion of stunting at 24 months of age attributed to having a high cumulative burden of diarrhoea prior to 24 months of age using parameter estimates obtained from logistic regression. 35 We conducted biostatistical analyses in Stata and R (R Foundation for Statistical Computing, www. r-project.org).
Subset analyses
Fewer children had complete information on the requested socioeconomic variables. To determine whether socioeconomic status confounded the effect of diarrhea on stunting, we conducted a subset analysis using the data of children with complete SES data.
To determine if the results of our regression model were affected by the exposure period, we modelled the effects of diarrhea prior to 23 months and the effects of diarrhea prior to 22 months on the prevalence of stunting at 24 months of age. We also conducted various subset analyses to exclude children who were stunted between birth and 6 months of age. Because not all children had an anthropometric measurement before 6 months of age, fewer children and fewer studies were included in these subset analyses. In the subset analyses that excluded children who were stunted at 6 months of age, we included HAZ at 6 months in our regression model. We accepted the HAZ measurement at the oldest date in the interval between 3 and 6 months of age as the HAZ at 6 months.
Results

Descriptive statistics
Of 5493 children who had at least one height measurement in the original datasets submitted by all investigators, a total of 4348 children had at least three measurements and a recorded date of birth. Because this analysis included data over a 20-year period and from five countries, the prevalence of stunting at 24 months was heterogeneous across studies ( Figure 1) . Nonetheless, the general pattern of change in stunting by age was similar across studies. That is, the prevalence of stunting was low soon after birth; it increased with age and, it had an asymptote around 20 months of age in the majority of studies.
Of 4348 children, 1393 had a height measurement at 18-24 months and had at least 250 days of diarrhoeal surveillance in the first 24 months of life. Diarrhoea Prevalence of stunting (%) Figure 1 Prevalence of stunting by study as a function of age. Each panel represents a separate study. The y-axis is the prevalence of stunting (%), and the x-axis is age in months. We calculated height-for-age using the 2006 WHO growth reference, and defined stunting as two standard deviations below the growth reference also varied by study (Table 2) . Overall, 5.3% (646/12 173) of diarrhoeal episodes lasted 14 days or longer (i.e. persistent diarrhoea). The proportion of diarrhoeal episodes that were persistent varied by study, and ranged from 1.3% to 15.9%. We did not identify a clear relationship between the proportion of diarrhoeal episodes that were persistent before 24 months and stunting at age 24 months. Of the 1393 children included in our analysis, 1004 (72%) had at least one height measurement between birth and 6 months of age. Of these children, 14% (143/1004) were stunted by 6 months of age. A pooled analysis estimating the odds of stunting at 24 months of age required a separate intercept for each study (P < 0.001; LRT), reflecting observed heterogeneity across studies. Sex was an important determinant of stunting, and the association between sex and the prevalence of stunting at 24 months varied substantially across studies (P < 0.001; LRT). Therefore, in our model, we allowed for study-specific parameters describing the effect of sex on stunting.
Effects of cumulative diarrhoeal incidence on stunting
The relationship between cumulative diarrhoeal incidence prior to 24 months and the log odds of stunting at 24 months of age was closely linear (Figure 2a) . The effect of cumulative diarrhoeal incidence prior to 24 months on stunting at 24 months was similar among studies (P ¼ 0.409; LRT), meaning that we could pool the effect of diarrhoeal incidence on stunting across studies into a single summary estimate. The adjusted odds of stunting at 24 months increased multiplicatively by a factor of 1.025 (95% CI 1.01-1.04) per episode of diarrhoea prior to 24 months (P < 0.001; LRT). For the purpose of interpretation, we scaled the increase in the odds of stunting at 24 months to an increase of five episodes prior to 24 months (Figure 3) . That is, the odds of stunting at 24 months increased by 1.13 when cumulative diarrhoeal incidence increased by five episodes (95% CI 1.07-1.19). The Hosmer-Lemeshow goodness-of-fit test indicated that this model fit the data well (P ¼ 0.786; Chi-square test). Residual analysis did not identify outliers or influential data points.
The proportion of diarrhoeal episodes that were persistent prior to 24 months did not confound the effect of cumulative diarrhoeal incidence prior to 24 months on stunting at 24 months of age, and it did not explain the odds of stunting at 24 months of age above and beyond the effect of diarrhoeal incidence prior to 24 months (P ¼ 0.757; Wald test). After controlling for cumulative diarrhoeal incidence, the effect of the proportion of episodes that were persistent prior to 24 months on stunting at 24 months did not vary by study (P ¼ 0.839; LRT). Figure 4a shows that the odds ratio of stunting at 24 months increased with each category of cumulative diarrhoeal incidence when children with fewer than five episodes of diarrhoea prior to 24 months were chosen as the reference group. In this assembled sample of 24-month-old children, the proportion of stunting that was attributed to five or more episodes of diarrhoea prior to 24 months was 25% (95% CI 8-38%).
Effects of the longitudinal prevalence of diarrhoea on stunting The relationship between longitudinal prevalence of diarrhoea prior to 24 months and log odds of stunting at 24 months of age was also closely linear ( Figure 2b ). The effect of the longitudinal prevalence of diarrhoea on stunting was similar between studies (P ¼ 0.507; LRT), meaning that we could pool the effect of diarrhoeal incidence on stunting across studies into a single summary estimate. The adjusted odds of stunting increased multiplicatively by a factor of 1.03 (95% CI 1.01-1.04) for every percent increase in the longitudinal prevalence of diarrhoea (P < 0.001; LRT). For the purpose of interpretation, we scaled the increase in odds of stunting at 24 months to a 5% increase in the longitudinal prevalence of diarrhoea before 24 months ( Figure 5 ). That is, the odds of stunting at 24 months increased by 1.16 when the longitudinal prevalence of diarrhoea prior to 24 months increased by 5% (95% CI 1.07-1.25). The Hosmer-Lemeshow goodness-of-fit test indicated that this model fit the data well (P ¼ 0.998; Chi-square test). Residual analysis did not identify outliers or influential data points. Figure 4b shows that the odds ratio of stunting at 24 months increased with each category of longitudinal prevalence of diarrhoea when children who had <1% of diarrhoea prior to 24 months were chosen as the reference group. In this assembled sample of 24-month-old children, the proportion of stunting attributed to being ill with diarrhoea for 2% of the time or more prior to 24 months was 18% (95% CI 1-31%).
Subset analyses
We conducted a total of eight subset analyses (Appendix 3). The effect of baseline SES on stunting at 24 months did not vary by study in the subset of children with available socioeconomic data (P ¼ 0.152; LRT). We did not detect confounding by SES on the effects of diarrhoeal incidence or longitudinal prevalence of diarrhoea in the first 24 months on the odds of stunting at 24 months of age. Diarrheal episodes per-child year before 24 months Figure 2 Relationship between the cumulative burden of diarrhoea prior to 24 months of age and the log odds of stunting at 24 months of age. We calculated the log odds of stunting for these panels as log ðy i þ 0:5=n i À y i þ 0:5Þ across unit intervals of cumulative diarrhoeal incidence (per episode of child-year) and one percent intervals in the longitudinal prevalence of diarrhoea, where y i represents the number of stunted children at each interval and n i represents the total number of children in that same interval. The size of the circles is proportional to the square root of the number of children in each interval. Panel A: association between diarrhoeal incidence before 24 months and the log odds of stunting at 24 months of age. Pooled OR = 1.13 (95% CI 1.07 to 1.19) Figure 3 Effect of diarrhoeal incidence prior to 24 months on stunting at 24 months of age. Point estimates of the effect of diarrhoeal incidence on stunting at 24 months are shown for each study. The size of the square around the point estimate is proportional to sample size. The lines represent 95% CI. In the pooled estimate, represented by a diamond, the odds of stunting at 24 months increased by 1.13 when diarrhoeal incidence prior to 24 months increased by five episodes (95% CI 1.07 to 1.19) The magnitude of the effect of diarrhoea on stunting was not affected when we excluded children who were stunted before 6 months of age or when we used different exposure periods (Appendix 3). There was only modest variability in the magnitude of the effect of diarrhoea on stunting when we excluded children who were stunted before 6 months of age. However, the effect of diarrhoea on stunting at 24 months increased substantially when we excluded children who were stunted at 1 month of age.
Controlling for HAZ at 6 months of age did not confound the effect of diarrhoea on stunting at 24 months in the subset of children who had heights at ages 6 months and at 24 months and who were not stunted at 6 months of age. Furthermore, we did not find a significant interaction between HAZ at 6 months of age and either cumulative diarrhoeal incidence prior to 24 months (P ¼ 0.215; Wald test) or the longitudinal prevalence of diarrhoea prior to 24 months (P ¼ 0.835; Wald test).
Reversibility of stunting
Few children recovered from stunting within the first 2 years of life ( Figure 6 ). Of the children, 410% who were stunted before 24 months of age recovered from stunting by 24 months beyond regression to the mean (Table 3) .
Discussion
Using prospectively collected data from nine cohort studies in five countries, we found that a higher burden of diarrhoea prior to 24 months of life was associated with a greater frequency of stunting at 24 months of age. The effect of diarrhoea on stunting was consistent across studies, and we did not detect confounding by SES. Furthermore, the magnitude of this effect was not affected when we excluded Pooled OR = 1.16 (95% CI 1.07 to 1.25) Figure 5 Effects of the longitudinal prevalence of diarrhoea in the first 24 months on stunting at 24 months of age. Point estimates of the effect of longitudinal diarrhoea prevalence on stunting at 24 months are shown for each study. The size of the square around the point estimate is proportional to sample size. The lines represent 95% CI. In the pooled estimate, represented by a diamond, the odds of stunting at 24 months increased by 1.16 when the longitudinal prevalence of diarrhoea increased by 5% (95% CI 1.07-1.25) EFFECTS OF DIARRHOEA ON CHILDHOOD STUNTING children who were stunted before 6 months of age. Our analysis supports the hypothesis that a higher cumulative burden of diarrhoea adversely affects a child's nutritional status during early childhood and that catch-up growth does not appear to make up for this deficit. This analysis shows that both cumulative incidence and longitudinal prevalence of diarrhoea prior to 24 months have a statistically significant 'dose-response' relationship with stunting at 24 months of age. Although both measures of cumulative burden appear to describe the effects of diarrhoea on stunting equally well, longitudinal prevalence (expressed as a proportion of time spent ill with diarrhoea) may be a more appealing measure of cumulative exposure than incidence because each observed day of diarrhoea can be represented as a lost opportunity to gain height. A critical assumption is that any day of diarrhoea has an equally adverse effect on the odds of stunting. However, we cannot exclude the possibility that unmeasured confounders, such as prevalence of zinc deficiency and infections other than diarrhoea, may affect the observed relationship between the cumulative burden of diarrhoea and stunting. We approached individual investigators to request original data from longitudinal studies that collected daily records of diarrhoeal surveillance and regular anthropometric measurements per child over time. We identified several advantages of pooling original data from multiple studies over a classical metaanalysis approach. First, we applied a standard definition for a diarrhoeal episode across all studies. Second, we compared all anthropometric measurements against the same international growth reference. And third, we applied the same analytical method for all studies to test our hypothesis.
The effects of the history of diarrhoea prior to 24 months of life on stunting at 24 months of age were similar across studies despite differences in study design, and despite the heterogeneity in the prevalence of stunting and in the history of diarrhoea across studies. While other investigators have performed comprehensive reviews on this topic, 36,37 we do not know of any published investigation that Height-for-age at 6 months
Height-for-age at 12 months
Height-for-age at 18 months Figure 6 Reversibility of stunting at 24 months of age in stunted children at 6, 12 and 18 months of age. This is a multipanel scatterplot figure of height-for-age at 24 months of age and height-for-age at 6, 12 and 18 months of age. The broken lines indicate 2 SD below the international reference. Filled circles identify children who were not stunted at 24 months but who were stunted at earlier ages a r represents the correlation coefficient between HAZ 24 and HAZ t1 for the subset of children who were stunted at t 1 months and not stunted at 24 months. b We defined recovery from stunting between ages t 1 and 24 months for a child who was stunted at t 1 months but not stunted at 24 months and for whom HAZ 24 4r Â HAZ t1 , where HAZ 24 was the child's HAZ at 24 months, HAZ t1 was the child's HAZ at t 1 months and r was the correlation coefficient between HAZ 24 and HAZ t1 for the subset of children who were stunted at t 1 months and not stunted at 24 months. That is, we did not include children for whom HAZ 24 4 r Â HAZ t1 in the category of those who recovered.
has attempted a pooled analysis, as we have done. Moreover, the results of our pooled analysis are easy to understand and easy to translate to other populations, while the methods can be used to examine the effects of other childhood infections on stunting. Nonetheless, we encountered some methodological challenges in pooling data across multiple studies. For example, not all studies recorded the number of loose stools on each day of surveillance, but relied instead on maternal reporting to define a day of diarrhoea. We also did not have data on breastfeeding or food intake; however, one of the included longitudinal studies measured energy intake quantitatively and found that the effect of energy intake on growth was independent from the effect of diarrhoea on growth. 38 Additionally, in the Peru 1995 study, we previously documented that breastfeeding did not confound the effect of diarrhoea on linear growth. 21 Each study used a different definition for SES and this could explain why we did not detect an association between SES and stunting. One limitation is that our analysis uses only a subset of children who were followed for at least 250 days and who had an anthropometric measurement at 24 months of age, which may limit generalizability due to the increased likelihood that children of the subset were alive at that age. Another limitation is that we did not have information on other concurrent infections that may also affect growth. Our study has the potential for publication bias as a reason for the overall positive finding, as studies that did not find an association between diarrhoea and nutritional status may be less likely to be published.
There are other analytical approaches that we could have considered for this study, such as a longitudinal growth analysis or a time-to-event analysis. Any of these analyses, however, would have changed the inferential objective. We used the prevalence of stunting at 24 months as an outcome because, in developing countries, stunting is a common condition that is usually regarded as a manifestation of chronic malnutrition. 39 Although the mechanisms that lead to stunting are not well understood, it is likely to be the product of cumulative nutritional insults. 40 Thus, it is plausible that a higher cumulative burden of diarrhoea increases the chance of childhood stunting. An advantage of using stunting as the outcome is that the prevalence of stunting is generally low in the first months of life. In our study, 14% of children were stunted before 6 months of age. Moreover, there appears to be limited reversibility once a child becomes stunted. 41 Our data showed that reversibility of stunting was relatively uncommon within the 2 years of life. That is, only 6% of children who were stunted at 6 months of age recovered from stunting at 24 months of age beyond regression to the mean. Moreover, stunting is a fairly robust measurement of nutritional status in that it appears to be only affected by sustained or multiple, frequent nutritional insults, in contrast to underweight where large fluctuations are common as a result of a nutritional insult.
Stunting is also a useful outcome from a health policy perspective. Stunting is an age-and-sex corrected health statistic that produces valid and reliable measurements when performed. It is an easy and inexpensive measurement to conduct in large-scale cross-sectional surveys. For example, stunting at 24 months of age is collected by Demographic Health Surveys worldwide. Furthermore, stunting is also a comparable health statistic across countries.
Finally, our analysis of the longitudinal prevalence of diarrhoea on stunting suggests a 24-month-old child with more days of diarrhoea had a greater chance of becoming stunted than a 24-month-old child with fewer days of diarrhoea. It follows that an episode of persistent diarrhoea (i.e. lasting 14 days or longer) contributes to a greater chance of stunting than an episode that lasts <14 days. On the other hand, our analysis showed that the proportion of episodes that were persistent did not contribute to stunting above and beyond the effect of cumulative incidence of diarrhoea. This suggests that the greater chance of stunting associated with a persistent episode is due only to its duration.
In summary, we found that a higher cumulative burden of diarrhoea prior to 24 months of life was associated with an increased prevalence of stunting at 24 months of age. The magnitude of this effect was constant across a range of different contexts. Therefore, prevention of early childhood diarrhoea should be fully integrated into programmes that aim to reduce the incidence of childhood stunting. Table A9 shows how we constructed our regression model. In this table, the outcome variable was the prevalence of stunting at 24 months (y ij ) and the covariates were study, diarrhoeal incidence prior to 24 months (d ij ), and sex (s ij ), where i ¼ 1, . . . ,9 indexed study, j ¼ 1, . . . ,n i indexed the number of children for each study, y was coded as 1 if stunted at 24 months and coded 0 if otherwise and s was coded as 1 if female and coded as 0 if male. In constructing our regression model, we began with three fixed-effects parameters for each study: an intercept ( i ), a parameter for the effect of diarrhoeal incidence on stunting ( i ), and a parameter for the effect of sex on stunting (g i ). We then simplified our regression with a model that allowed for only one parameter to explain the effect of diarrhoeal incidence on the odds of stunting, one intercept for all children, and one parameter for a sex effect on stunting. We used the LRT to compare nested models.
Longitudinal prevalence of diarrhoea
The Table A10 shows how we constructed our regression model. In this table, the outcome variable was the prevalence of stunting at 24 months (y ij ) and the covariates were study, longitudinal prevalence of diarrhoea prior to 24 months (d ij ), and sex (s ij ), where i ¼ 1, . . . ,9 indexed study and j ¼ 1, . . . ,n i indexed the number of children for each study, y was coded as 1 if a child was stunted at 24 months and coded as 0 if otherwise and s was coded as 1 if female and coded as 0 if male. In constructing our regression model, we began with three fixed-effects parameters for each study: an intercept ( i ), a parameter for the effect of the longitudinal prevalence of diarrhoea on stunting ( i ), and a parameter for the effect of sex on stunting (g i ). We then simplified our regression with a model that allowed for only one parameter to explain the effect of the longitudinal prevalence of diarrhoea on the odds of stunting, one intercept for all children, and one parameter for a sex effect on stunting. We used the LRT to compare nested models.
Appendix 3:
Results of logistic regressions on the effects of diarrhoea on stunting at 24 months in different subsets
The results of various logistic regression models are shown on the Figure A1 . We evaluated the effect of diarrhoeal incidence and the longitudinal prevalence of diarrhoea on stunting at 24 months of age in eight subsets: (i) the effect of diarrhoea before 24 months (0-23.99) on stunting at 24 months for children with at least 250 days of follow-up; (ii) the effect of diarrhoea before 23 months (0-22.99) on stunting at 24 months for children with at least 240 days of follow-up; (iii) the effect of diarrhoea before 22 months (0-21.99) on stunting at 24 months for children with at least 229 days of follow-up; (iv) the effect of diarrhoea between 1 and 23 months (1-23.99) on stunting at 24 months for children with at least 240 days of follow-up and excluding children not stunted at 1 month; (v) the effect of diarrhoea between 3 and 23 months (3-23.99) on stunting at 24 months for children with at least 219 days of follow-up and excluding children not stunted at 3 months; (vi) the effect of diarrhoea between 6 and 23 months (6-23.99) on stunting at 24 months for children with at least 188 days of follow-up and excluding children who were not stunted at 6 months; (vii) the effect of diarrhoea between 1 and 23 months (1-23.99) on stunting at 24 months for children with at least 240 days of follow-up and excluding children not stunted at 1 month or at 3 months; (viii) the effect of diarrhoea between 3 and 23 months (3-23.99) on stunting at 24 months for children with at least 219 days of follow-up and excluding children not stunted at 3 months or at 6 months. Panel A: odds ratio of stunting at 24 months per incident episode of diarrhoea per child-year. and the 'N' s represent subsets of stunted children at different ages that were excluded from the analysis. The first column of numbers ('n's) in the x-axis represent the sample size for each subset analysis, and the second column of numbers ('j's) represent the number of studies included for each subset analysis.
